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ABSTRACT 


y  Radar  range  tracking  systems  employing  a  narrow  RF  bandwidth  are 
subject  to  range  scintillation  errors  which  are  generated  by  complex 
targets,  including  multipath  propagation.  The  errors  can  be  many 
times  the  actual  target  extent.  In  the  narrow-band  case,  the  errors 
are  of  the  same  form  as  angle  scintillation.  This  similarity  allows 
the  general  rules  applying  to  angle  scintillation  to  be  applied  to 
estimate  range  errors  for  complex  targets.  As  bandwidth  is  increased, 
range  scintillation  is  reduced.  When  bandwidth  is  sufficient  to 
resolve  the  individual  parts  of  the  target,  scintillation  is  reduced 
completely  and  the  target  range  is  always  confined  within  the  target's 
physical  extent.  The  range  location  of  the  target  can  be  a  "center- 
of-gravity"  or  some  particular  point  of  interest  on  the  target 
depending  on  how  the  data  is  processed.  Since  a  practical  system 
cannot  resolve  all  complex  targets,  the  case  of  partial  resolution  is 
also  investigated  to  determine  range  error  as  a  function  of  resolution 
from  fully  unresolved  to  fully  resolved. 
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TARGET -GENE RATED  RANGE  ERRORS 


INTRODUCTION 

Distributed  complex  targets  such  as  aircraft  cause  scintillation 
in  the  range  coordinate  of  a  radar  similar  to  radar  target  angle 
scintillation  or  glint.  This  scintillation  causes  significant  errors 
in  conventional  tracking  radar  and  is  also  a  basic  limitation  to  multi- 
lateration  techniques  dependent  on  range  measurements  for  3-D  target 
location  whether  using  pulsed  or  FM-CW  signals.  There  are  several 
situations,  including  multipath  propagation  where  various  degrees 
of  resolution  of  the  target  may  occur  from  the  fully  unresolved  case 
to  a  fully  resolved.  It  is  the  purpose  of  this  report  to  relate  the 
performance  of  a  range  tracker  to  the  characteristics  of  the  target 
which  affect  range  estimation  for  the  fully  unresolved  to  fully 
resolved  case,  including  the  partially  resolved  case. 

Previous  work  in  the  area  of  target  angle  scintillation  caused 
by  distributed  complex  targets  such  as  aircraft  has  developed 
interest  in  extending  the  theories  associated  with  angle  scintillation  to 
include  target  range  scintillation  [1,2,3] .  Experimental  data  on 
simulated  targets  indicate  that  range  scintillation  is  similar  in 
nature  to  angle  scintillation.  In  order  to  develop  the  theory  of 
range  scintillation  and  verify  the  results  with  empirical  evidence, 
a  study  was  undertaken  to  analyze  range  errors  observed  in  pulse- 
modulated  radar.  The  study  included  both  analog  and  computer  simula¬ 
tions.  Although  this  report  is  primarily  centered  on  pulse-modulated 
systems,  previous  work  indicates  these  errors  are  observed  in  other 
range  measuring  systems  -  such  as  FM-CW  ranging  sets  [4] .  As  shown 
for  the  narrow-band  case,  the  range  scintillation  is  an  erroneous 
delay  of  the  modulating  function  regardless  of  the  type  of  modulations 
such  as  FM,  pulse,  etc. 

In  a  basic  radar  ranging  system  a  measurement  is  made  of  the 
time  lag  between  the  time  the  radar  waveform  is  broadcast  and  the 
time  the  target  echo  is  received.  This  time  lag  is  directly  propor¬ 
tional  to  range.  In  a  practical  pulse-modulated  system  the  pulse 
length  is  finite;  therefore,  to  measure  the  time  of  arrival  of  the 
echo,  a  reference  point  on  the  pulse  must  be  established.  Typically, 
the  reference  point  is  either  the  leading  edge  cr  "center  of  gravity" 
of  the  video  return.  If  the  target  distorts  the  transmitted  pulse 
then  the  reference  point  can  move  and  indicate  an  erroneous  range. 

Thus,  target  generated  range  errors  are  those  errors  caused  by  a 
shifting  of  the  reference  point  in  the  return.  The  nature  of  these 
shifts  and  the  mechanisms  which  cause  them  are  the  subjects  of  this 
report . 


1 


- m 


- - 


BASIC  THEORY  FOR  THE  UNRESOLVED  TARGET  (NARROW-BAND)  CASE 


The  assumption  underlying  most  range  tracking  systems  is  that 
the  return  is  a  time  delayed  replica  of  the  transmitted  waveform 
differing  only  in  amplitude.  The  amplitude  being  a  function  of  the 
target  cross-section  and  the  two-way  propagation  loss.  Given  this 
assumption,  the  reference  point  on  the  return  may  be  defined  in 
terms  of  the  transmitted  signal.  A  common  reference  is  the  "center- 
of -gravity"  of  the  return  envelope. 

The  "center-of-gravity"  tracker  utilizes  the  envelope  of  the 
radar  return  and  a  variable  delay  range  gate.  The  gate  is  divided 
into  two  halves,  the  first  half  called  the  early  gate,  the  second 
called  the  late  gate.  The  range  gate  is  positioned  about  the  return 
waveform  (either  manually  or  by  other  acquisition  methods)  and  the 
error  detector  integrates  the  portion  of  the  return  falling  in  each 
gate.  In  the  closed-loop  tracking  mode,  if  the  areas  are  not  equal, 
the  tracker  repositions  the  gates  in  an  effort  to  equalize  the  area 
in  each  gate.  This  may  be  expressed  mathematically  as  follows  [3]: 

T  T+tg 

e  =  J  f(t)dt  -  J  f(t)dt  (1) 

T-tg  T 

where 

e  is  the  error  signal 

f(t)  is  the  detected  waveform 

t  is  the  center  of  the  gate 


The  reference  point  is  then  taken  as  the  time,  t,  which  splits  the 
area  under  the  detected  envelope  into  two  equal  parts.  Unfortunately, 
when  the  target  is  not  a  point  source,  slight  changes  in  aspect  can 
cause  drastic  changes  in  t. 
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These  large  changes  in  T  arise  from  the  fact  that  the  typical 
radar  target  is  a  complex  object  composed  of  many  reflecting 
surfaces.  For  simplicity,  a  complex  target  may  be  viewed  as  a 
collection  of  n  point  source  reflectors  distributed  in  range,  each 
having  an  independent  amplitude.  The  target  return  is  then  the 
vector  sum  of  n  individual  signal,  which  tend  to  reinforce  or 
cancel  each  other,  depending  on  their  relative  phase  at  the  time 
of  detection.  This  relative  phase  is  determined  by  the  range  of 
each  individual  reflector. 

The  problem  of  concern  is  what  happens  to  the  distribution  of 
area  under  f(t)',  the  detected  waveform,  as  these  reflectors  change 
relative  amplitude  and  phase.  The  first  case  to  be  considered  is 
the  narrow-band  case.  In  a  pulse-modulated  radar,  tie  use  of  the 
term  narrow-band  implies  a  pulse  which  is  long  compared  to  the 
target  length.  A  more  precise  definition  of  this  case  will  be 
given  later.  A  spectral  analysis  of  the  target  return  is  used  to 
explain  and  quantify  the  target-generated  range  errors  in  the 
narrow-band  case.  First,  the  spectrum  of  a  point  source  target  is 
examined.  The  properties  of  the  spectrum  associated  with  the  range 
(time  delay)  of  the  target  are  discussed.  Next,  a  two-element  target 
is  introduced.  It  is  shewn  that  under  the  proper  conditions  the 
two  elements  can  generate  false  range  information  which  can  not  be 
distinguished  from  true  target  range,  as  discussed  for  a  point 
cource  (one-element)  target. 

Spectrum  of  a  Time  Shifted  RF  Pulse  (Point  Source  Target) 

Let  the  transmitted  signal,  f (t)  ,  be  defined  by: 

f(t)  =  m(t)eJu>ct  (3; 


where 


m(t)  is  the  modulating  waveform 
(JJC  is  the  RF  carrier  frequency. 

If  the  Fourier  transform  of  m(t)  is  given  as  M(uu),  then  the  Fourier 
transform  of  f(t),  F(uu),  is: 

F  r f (t)  1  =  F (id)  =  M(u>-u>c)  (4) 
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The  question  of  interest  is  how  is  the  spectrum  modified  when  the 
time  function  is  shifted  or  delayed  in  the  time  domain.  This  is 
the  case  for  the  point  source  target.  The  Fourier  transform  of 
f(t-tQ)  is: 

F  [f(t-to)  ]  =  F(ou)e  *  M(u)-u)c)e  ^ Xt° 

where  tQ  is  the  time  shift.  This  may  be  expressed  as 

F  [f(t-t0)  ]  =  M(tu-u)c)e"j0s(Uj) 

The  expression  in  Equation  (5)  implies  that  when  a  waveform  is 
time  shifted  by  tQ,  the  round  trip  time  delay,  each  frequency 
component  is  shifted  in  phase  by  an  amount  uut0,  designated 
0s (OJ),  (i.e.,  a  phase  which  is  a  linear  function  of  frequency  is 
added  to  each  spectral  component) .  Amplitude  change  due  to  the 
target  cross-section  and  propagation  losses  are  omitted  since  they 
are  normalized  by  an  AGC  function. 

Since  a  time  shift  implies  a  linear  phase  shift  versus  fre¬ 
quency  throughout  the  spectrum,  a  linear  phase  characteristic 
will  appear  in  the  Fourier  transform  of  any  undistorted  time- 
shifted  signal.  The  time  shift,  t0,  appears  in  the  phase  versus 
frequency  portion  of  the  transform  as  the  coefficient  of  jl  .  The 
two -target  case  is  examined  next  to  demonstrate  how  false  range 
information  can  be  generated  by  the  addition  of  a  second  reflector. 

Geometry  of  Two-Element  Target 

Figure  1  shows  a  two-element  target  having  relative  amplitude, 
b,  and  relative  phase,  0^.  Relative  amplitude,  b,  is  the  ratio  of 
the  amplitude  of  the  nearer  reflector  to  the  amplitude  of  the 
farther  reflector.  The  relative  phase,  is  the  two-way  radial 
target  length  -  measured  along  the  bores ight  axis  at  the  carrier 
frequency  -  expressed  in  radians  and  is  defined  from  the  geometry 
as  follows: 


0R  = 


2u>c 

c 


L  sin  f 


where 


(5) 


ujc  is  the  carrier  frequency 
L  is  the  target  length 
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c  is  the  speed  of  light 


'll  is  the  aspect  angle  measured  from  a  normal  to  the  boresight 
axis  through  the  target  midpoint. 


Thus,  F(uu)  is  given  by  the  product  of  the  transform  of  the  modula¬ 
ting  waveform,  M(U)-uuc) ,  and  amplitude  factor  A(u>),  with  a  phase, 

-0S (<«) .  The  amplitude  and  phase  characteristics  are  a  function  of 
the  target  only.  If  the  amplitude  were  constant  and  the  phase  were 
linear  with  frequency,  the  inverse  transform  would  be  a  time- 
shifted  undisturbed  version  of  the  modulating  waveform.  The  magni¬ 
tude  of  the  time  shift  is  given  by  the  slope  of  phase  versus  fre¬ 
quency,  as  shown  later. 

Although  the  amplitude  is  not  constant  and  phase  is  not  linear 
for  the  two-element  target  when  observed  over  a  wide  frequency 
region,  a  narrow-band  radar  will  observe  only  a  small  segment  of 
the  amplitude  and  phase  functions.  Within  this  small  segment  the 
amplitude,  A(uu) ,  will  be  essentially  constant  and  phase  versus 
frequency  essentially  linear.  Consequently,  the  radar  sees  what 
appears  like  the  echo  from  a  point  source.  This  can  be  verified  by 
performing  a  Taylor  series  expression  of  the  phase  function  0s(j.) 
about  the  carrier  frequency  U)c.  The  Taylor  series  gives: 


.  0"(u)c)  ? 

0s  (<«)  =  0s(“>c)  +  0S(U)c)  («Mi>c)  +  — -  (w-UJc)  +  ... 

With  the  above  assumption  that  0s(u))  is  essentially  linear  over 
the  region  of  interest,  the  higher  order  terms  of  the  series  may  be 
omitted  leaving: 

0S  (w)  «  0s  (“>c)  +  0s  ’(^c) 

Also,  since  A(uu)  is  essentially  constant,  it  may  be  replaced  with 
a  constant,  A(uuc)  ,  and  Equation  (7)  may  be  rewritten  as: 


K(w)  »  A(ujc)  M(a)-(Uc)e 


-j  i0s(Wc)  +  0s'(UJc)  (w-Wc)} 


F(«j)  «A(wc)ej  [^c0s,(mc)'0s(^C)',M((U.U)c)e-jUJ0s,(-i'c)  (<n 

Taking  the  inverse  transform 


,  f  ,  ,  J  [u>c0sO»c)  -  0SK)  1  .  ,  ,  +jaic[t-0s '  (^c)  ] 

J~  IF(U))  ]  =  A(U)c)e  m(t-0g '  (u>c))e 
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Thus,  the  return  in  the  narrow-band  case  appears  as  a  time  shifted 
version  of  the  transmitted  signal  attenuated  by  a  factor,  A(xc) ,  with 
a  phase  shift,  -0s(tt>c)  >  added  to  the  carrier. 

As  seen  from  Equation  flO),  the  amount  of  time  shift  is  given 
by  the  derivative  of  0s(u>)  evaluated  at  <ec.  It  is  interesting  to 
note  that  the  carrier  phase  shift  is  not  sensed  by  a  radar  using  the 
range  tracking  techniques  considered  in  this  report  since  only  the 
detected  signal  is  utilized;  however,  this  phase  shift  will  cause 
errors  in  coherent  phase  tracking  systems.  It  is  the  slope  of  phase 
versus  frequency  which  causes  the  errors  considered  here  in  the 
narrow-band  case. 

The  "narrow-band"  condition  occurs  when  the  radar  pulse  length 
is  long  compared  to  target  length  (expressed  by  tQ) ,  which  represents 
essentially  a  completely  unresolved  complex  target.  This  is  demonstrated 
in  Fig.  2  for  a  specific  combination  of  target  length  relative  amplitude 
and  pulse  length.  A  relatively  long  Gaussian  pulse  shape  was  assumed 
for  the  modulation  waveform.  The  resulting  Gaussian- shaped  spectrum 
is,  therefore,  narrow,  as  seen  in  the  plots  for  two  different  carrier 
frequencies  in  Fig.  2. 

The  carrier  frequencies  were  chosen  for  the  extreme  cases  so  that 
at  one  carrier  frequency  the  returns  from  each  reflector  add,  and  for 
the  other  the  returns  cancel.  The  upper  curve  is  a  plot  of  0s(w) 
generated  by  the  target.  The  lower  curves  are  the  transmitted 
spectra,  M(co-u)c),  using  the  two  different  carriers.  The  interesting 
point  to  note  about  this  figure  is  that  the  slope  of  0s(u)  is 
essentially  constant  over  the  extent  of  each  spectrum,  but  of  consi¬ 
derably  different  magnitude  for  each  spectrum.  The  different  slopes 
indicate  correspondingly  different  target  ranges  even  though  the  two- 
element  target  has  not  moved.  The  magnitude  of  this  apparent  motion 
in  range  can  be  large  compared  to  the  target  span,  as  shown  later. 

The  magnitude  function,  A(u>),  (not  shown)  is  also  constant  over  the 
narrow  spectra.  The  constant  slope  and  magnitude  are  the  exact 
properties  discussed  earlier,  which  are  found  in  the  spectrum  of  a 
time  shifted  point  source  return. 

In  this  illustration,  the  carrier  frequency  u)c  was  changed  to 
alter  the  relative  phase  of  the  returns  from  each  element  of  the 
target  in  order  to  simplify  the  illustration.  However,  in  practice, 
the  carrier  is  held  constant  and  slight  changes  in  aspect  angle  . 

(Fig.  1)  would  result  in  the  change  of  relative  phase.  A  change  in 
i|r  will  alter  the  target  length,  tQ,  but  at  RF  frequencies  the  change 
could  be  quite  small,  on  the  order  of  0.5  pico  seconds,  a  quarter 
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characteristic  over  signal  bandwidth 


wavelength,  or  a  fraction  of  an  inch  at  10  GHz.  This  change  is  an 
insignificant  portion  of  a  target  span  for  targets  of  a  few  yeards 
length,  vet  the  resultant  change  in  slope  of  0s(tu)  will  give  an 
apparent  range  movement  of  several  target  spans. 

From  this  disucssion,  it  can  be  seen  that  in  the  narrow-band 
case  the  target  generated  contributions  to  the  spectrum  are 
essentially  the  same  as  the  time  shift  properties  discussed  for  the 
point  source  target.  The  magnitude  of  the  time  shift,  Zt,  associated 
with  a  given  relative  phase,  u)ct0,  is  found  by  evaluating  the 
derivative  of  0S((«)  at  uuc. 

The  derivative  is  given  by: 


*.'<»>  “  fco /2  - r 

1  » 


1+b  +2b  cos  (u>tn) 


At  15  0s'  (u>c)  -  V2 


1+b  +2b  cos  (wct0) 


where 


b  is  the  relative  amplitude 
(Dc  is  the  carrier  frequency 
tQ  is  the  target  length  expressed  in  time 
0)cto  is  the  relative  phase  of  the  two  returns. 
For  the  in-phase  condition, 

^c^o  =  n(2jr) 


At  =  i±  t0/2 
1+b 


and,  for  the  out -of -phase  case, 
“ct0  =  n(2jr)  +  « 


At  =  ~  t  /2 
1-b 
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Figure  3  is  a  plot  of  the  detected  envelope  (using  linear  detection) 
of  the  target  described  in  Fig.  1,  with  relative  amplitude  e^ual  to 
0.9  and  radiated  with  a  Gaussian  pulse  one  hundred  times  the  target 
length.  For  the  assumed  target,  this  pulr.e  length  is  sufficiently 
long  to  approximate  the  linear  phase  and  constant  amplitude  character¬ 
istics  reeded  for  undistorted  time  translation. 

The  envelope  formed  by  vectorial ly  adding  the  return  from  each 
element  in  the  time  domain  and  using  linear  detection  has  been 
plotted  for  the  in-phase,  (u>cto  =  2n«) ,  and  out-of-phase,  (  veto  =  2nr 
+  it) ,  case  with  an  AGC  operation  to  remove  the  amplitude  difference 
due  to  the  cancellation  in  the  out-of-phase  case.  The  only  difference 
in  these  waveforms  is  a  shift  in  time  in  the  direction  of  the  stronger 
target  for  the  out-of-phase  condition.  In  this  example,  the  time 
shift  is  equal  ta  9.5  times  the  target  length.  From  this  illustration, 
it  can  be  seen  that  no  matter  how  the  waveform  is  processed,  this 
time  shift  can  not  be  distinguished  from  real  target  range  movement. 

In  reality,  no  range  movement,  but  only  a  slight  change  in  aspect 
angle,  is  required  to  produce  such  drastic  range  errors. 

Figure  4  shows  a  continuous  plot  of  0S '  (u>)  versus  relative  phase 
for  various  relative  amplitudes  of  2,  1.414,  0.5,  0.707,  and  0.9. 

As  illustrated,  the  range  errors  can  indicate  target  range  is  outside 
the  physical  extent  of  the  target.  Thus,  in  the  narrow-band  case, 
the  area  under  the  video  curve  is  shifted  in  time  and  an  early-late 
gate  tracker  will  simply  follow  this  shift.  The  leading  edge  is 
also  shifted  so  a  leading-edge  tracker  can  not  discriminate  against 
these  errors.  Similarly,  an  FM-CW  range -measuring  system,  which 
measures  range  by  the  phase  shift  of  the  received  FM  modulation,  will 
observe  an  erroneous  time  shift  of  the  modulation. 

This  error,  as  a  function  of  spacing  or  relative  phase  between 
reflectors,  is  essentially  the  same  as  in  the  angle-scintillation 
case  [ .1,2,31.  The  difference  is  that  the  range  errer  is  proportional 
to  the  range  separation  of  the  sources  while  the  angle  error  is 
proportional  to  the  angular  separation  of  the  two  sources.  This 
basic  result  also  holds  for  a  n-element  target,  which  is  discussed 
below. 

N-E lenient  Complex  Target 

For  a  target  composed  of  n  reflectors  illuminated  with  a  narrow¬ 
band  waveform,  the  range  error  can  be  obtained  in  the  same  manner 
as  for  the  two-element  target.  The  geometry  for  the  n-element  target 
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Narrow-band  time  translation 


RANGE  ERROR  IN  TARGET  LENGTHS 


RELATIVE  PHASE  IN  DEGREES 

Fig.  4  -  Range  error  versus  relative  phase  (two-element  target) 


13 


is  shown  in  Fig.  5.  The  return  waveform,  fn(t) ,  is  then  given  by: 


n  jUJ^t-ti) 

f_(t)  =  E  Ai  m(t-t£>e 
n  i*l 


(12) 


where 


t<  = 


2L^  sin  ^ 


Li  is  the  two-way  extent  of  the  ifc^  element  measured  from  the 
target  midpoint 

^  is  the  aspect  angle  of  the  i^  element  measured  normal  to 
the  radar  line-of- sight 

c  is  the  speed  of  light. 

The  Fourier  transform  of  fn(t),  Fn(u>),  is: 

n  -juuti  j0n(uu) 

Fn(uJ)  -  M(oj-cuc)  E  Ate  -  M(i«-aJc;e 

i=  1 


(13) 


where  _ 

An  (w)  =  J  [  E  i 

'  i=l 


Ai  sin  (wti)  l3  +  [  E  Ai  cos  (u)t£)  ]" 


I 


n  n 


Li  f.j  cos  [ !  (h-'j) 
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Fig.  5  -  Real  and  imaginary  components  of  ith  element 


The  slope  of  0n(u)) ,  the  range  error,  is  then: 


n  n 


0n'((D)  = 


2Lt  sin  ’Vi  ,  „ 

.E  E  AiAj  - - -  cos  !  i(ti-tj) 

1=1  j=l  c  C  J 

E  E  A-A.  cos  [  -(t.-t  5)  | 
i=l  j=l  1  J  c  i  J 


fl4) 


This  function  is  identical  in  form  to  that  derived  for  angle 
scintillation  by  Howard  [2], 

i?!  AiAj©i  cos  [  £  (tftj)  I 

Y=  -=-t - - - 

E  E  A  A  cos  T  ~  (t^-t  4 )  ] 
i=l  j=i  c  J 

where 

Y  is  the  target -genera ted  angle  error 

A^.Aj  are  the  amplitude  of  the  i1-*1  and  jt-h  reflectors  respectively 

0^  is  the  angular  distance  off  boresight  of  the  ifch  reflector. 

Consequently,  the  general  rules  relating  target  configuration  to  angle 
scintillation  will  hold  for  range  scintillation.  In  particular,  the 
expression  relating  total  rms  open-loop  angle  scintillation  error  with 
slow  AGC  derived  b>  Lewis  and  Howard  [l]  will  also  hold  for  range 
tracking  errors.  For  targets  composed  of  many  reflecting  surfaces, 
the  angle  scintillation  is  given  by: 

“AUG"  *  *0’  +  4  R°2 


where 


aANG  t*ie  rms  tar8et"8enerate<*  angle  noise 

0O  is  the  lag  angle  of  the  radar  boresight  with  respect  to  the 
target  center,  and 

R0  is  the  radius  of  gyration  of  the  reflecting  area  of  the 
target  along  the  angle-tracking  axis. 
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Similarly,  range  scintillation  for  the  open-loop  case  will  be  given 
by: 

S  2  1  2 

aRNG  =  Er  +  p  R0  ,  for  the  narrow-band  case , 

where 

Orng  is  the  ms  target-generated  range  noise 

is  the  range  gate  lag  with  respect  to  the  target  center  of 
gravity,  and 

R0  is  the  radius  of  gyration  of  the  reflecting  area  of  the 
target  taken  along  the  range  axis. 

ANALYSIS  OF  RANGE  ERROR  FOR  THE  PARTIALLY  AND  FULLY-RESOLVED  (  MEDIUM 
AND  WIDEBAND)  CASE 

In  the  narrow-band  case,  range  errors  were  shown  to  be  equal  to 
the  slope  of  0s(ui)  .  As  bandwidth  is  increased,  the  assumption  that 
a  linear  phase  and  constant  amplitude  characteristics  are  applied  to 
the  spectrum  is  no  longer  valid.  Instead,  a  non-linear  phase 
characteristic,  0s(uj),  and  non-constant  amplitude  function,  A (a)  ,  are 
applied  to  the  transmitted  signal.  This  results  in  a  distortion  of 
the  envelope  of  the  return.  The  question  of  concern  in  evaluating 
the  performance  of  an  early-late  gate  tracker  against  such  a  target 
is:  how  is  the  area  under  this  envelope  redistributed  along  the  time 
axis  by  the  distortion. 

Equation  (7)  can  be  rewritten  in  the  following  manner  to  give 
an  insight  into  the  area  shift. 


F  (ui)  =  M(u>-«uc) 


-ju)to/2 


+ju>t0/2 


=  M(u)-u)c)  <cos  u)t0/2  -j  sin  u>t 0/ 2  +b  cos  0)to/2  -»-b j  sin  1 1 0/ 2 


=  M(o)-0)c)  )  (1+b)  cos  u)t0/2  +j(b-l)  sin  trt0/2 


=  M(u)-U)c)j  —  (ejwto/Z+g-jwto/2)  +  (b~1.)  (ejat°/2-c’ j  1  tQ/2)^ 
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f(t)  =  3-x  (F (<u) ) 


=  I+k 
2 

1-b 

2 


m(t+t0/2)e 

m(t+tc/2)e 


j(Dc(t+t0/2) 

j<Mt+to/2) 


+ 


+ 


1+b 

2 

1-b 

2 


m(t-t0/2) 

m(t-t0/2) 


jcuc(t-t0/2) 


(16) 


Equation  (16)  states  that  the  distortion  resulting  from  A(oj) 
and  0s(ou)  is  the  sum  of  four  undistorted  replicas  of  the  transmitted 
signal  properly  weighted  in  amplitude  and  shifted  in  time. 

This  representation  of  the  echo  from  the  two-element  target 
divides  the  received  waveform  into  its  symmetrical  and  asymmetrical 
components.  The  sum  of  the  first  two  terms  in  Equation  (16)  is  a 
waveform  with  even  symmetry  about  the  midpoint  of  the  target.  If 
these  terms  comprised  the  entire  signal,  then  the  signal  center  of 
area,  as  sensed  by  an  early-late  gate  discriminator,  would  fall  in 
the  center  of  the  target.  However,  the  last  two  terms  have  odd 
symmetry  about  the  midpoint.  The  odd  symmetry  upsets  the  balance 
of  area  and  the  discriminator  must  drive  toward  the  stronger 
reflector. 

The  exact  amount  of  the  shft  in  the  tracking  point  is  not 
readily  demonstrated  analytically.  The  problem  is  to  solve  the 
closed-loop  expression  determining  "center-of-gravity"  as  shown  in 
Equation  (2).  A  computer  program  was  written  to  solve  this  expression 
for  a  Gaussian  pulse  shape.  The  output  of  this  program,  showing  the 
range  error  as  a  function  of  bandwidth,  is  shown  in  Fig.  6.  The 
data  in  Fig.  6  agree  with  the  limit  of  the  error  in  the  narrow-band 
case  for  both  in-phase  and  out-of-phase  conditions.  The  limit  in  the 
wideband  case  (i.e.,  when  the  pulse  is  short  compared  to  target 
length)  converges  to  the  position  of  the  strongest  reflector  and  is 
insensitive  to  relative  phase.  This  is  a  logical  result  since  a 
large  bandwidth  implies  the  pulses  are  resolved;  hence,  the  distortion 
is  not  affected  by  relative  phase,  and  the  balance  of  the  area  must 
be  inside  the  larger  target. 

EXPERIMENTAL  RESULTS 

Figure  7  shows  an  experimental  setup  used  to  measure  the  range 
errors  for  a  fixed  bandwidth  and  target  length.  An  actual  early-late 
gate  range  tracker  was  used  to  measure  the  range  shifts  generated  by 
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Fig.  7  -  Block  diagram  of  two-element  target  simulator  and  range  tracker 
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a  two-element  target  as  relative  phase  was  varied.  The  two  targets 
were  separated  by  1.9  yards  in  range  with  a  relative  amplitude  of 
approximately  0.87.  Range  deviation  from  the  average  range  of  the 
two-target  elements  (target  midpoint)  was  measured  as  relative  phase 
w?.s  varied  through  one  complete  cycle.  The  range  deviations  were 
expressed  in  target  lengths  and  plotted  as  a  function  of  relative 
phase.  A  0.25  microsecond  pulse  was  used  as  the  transmitter  pulse; 
therefore,  the  pulse  length  was  approximately  twenty-one  times  the 
target  length.  The  large  pulse-to-target-length  ratio  meets  the 
linear  phase  and  constant  amplitude  criteria  for  the  narrow-band 
case.  The  experimental  data,  therefore,  should  agree  with  the  slope 
of  the  phase  characteristic,  0S '  (tu) ,  using  the  proper  value  of 
relative  amplitude.  The  results  of  this  experiment  are  plotted  with 
0S'((«)  in  Fig.  8.  As  is  indicated  in  the  figure,  the  theory  is 
validated  by  the  measured  data. 

CONCLUSIONS 

In  the  narrow-band  case,  target-generated  range  errors  are 
proportional  to  the  slope  of  the  phase  added  to  the  transmitted 
spectrum  by  the  target.  The  error  slope  is  essentially  constant 
over  the  frequency  extent  of  the  spectrum;  therefore,  the  range 
errors  are  represented  by  an  actual  time  shift  of  the  return.  These 
shifts  cannot  be  distinguished  from  actual  target  motion  by  standard 
range  processors  in  either  FM-CW  or  pulse-type  range  trackers. 

Since  the  slope  of  the  phase  function  is  dependent  on  the  relative 
phase  of  the  individual  reflectors,  range  errors  are  a  function  of 
relative  phase.  The  magnitude  of  these  errors  can  indicate  that 
the  range  is  outside  the  physical  extent  of  the  target.  The  expression 
for  range  error  in  the  narrow-band  case,  given  by  Equation  (16)  for 
the  complex  target;  is  similar  to  that  derived  by  Howard  for  angle 
scintillation.  The  only  difference  arises  from  the  fact  that  range 
scintillation  is  measured  in  time  and  is  directly  related  to  the 
range  distribution  of  the  target,  while  angle  scintillation  is 
measured  in  the  angle  coordinate  orthogonal  to  the  range  measurement 
and  is  directly  related  to  the  distribution  of  the  target  in  the 
angle  coordinate.  Further,  this  similarity  allows  the  general  rules 
relating  angle  scintillation  to  the  target  distribution  in  the  angle 
coordinate  to  be  used  to  describe  range  scintillation  as  a  function 
of  the  target  distribution  in  the  range  coordinate.  In  particular, 
when  tracking  lag  is  small,  range  scintillation  is  equal  to  1A  2 
times  the  radius  of  gyration  of  the  reflecting  area  of  the  target 
taken  along  the  range  axis. 
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RELATIVE  PHASE  IN  DEGREES 

Fig.  8  -  Comparison  of  theoretical  and  measured  range 
error  versus  relative  phase 


As  baudwidth  is  increased,  range  errors  result  more  from  a 
distortion  of  the  range  video  than  from  a  pure  time  translation. 

The  exact  magnitude  of  the  errors  is  a  function  of  the  processing 
techniques,  as  well  as  the  target  characteristics.  As  more 
bandwidth  is  used  to  track  a  given  target,  the  maximum  errors  are 
reduced  from  the  peak  errors  observed  in  the  narrow-band  case.  If 
bandwidth  is  increased  to  the  point  that  individual  reflectors  are 
resolved,  range  errors  are  no  longer  sensitive  to  relative  phase. 

In  the  resolved  case,  the  rangn  will  always  lie  within  the  physical 
extent  of  the  target.  The  exact  range  will  then  be  a  function  of 
the  tracking  technique. 
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